23 Steroid estrogens modulate physiology and development of vertebrates. Biosynthesis of C 18 24 estrogens from C 19 androgens by the O 2 -dependent aromatase is thought to be irreversible. Here, we 25 report a denitrifying Denitratisoma sp. strain DHT3 capable of catabolizing estrogens or androgens 26 anaerobically. Strain DHT3 genome contains a polycistronic gene cluster emtABCD differentially 27 transcribed under estrogen-fed conditions. emtABCD encodes a cobalamin-dependent 28 methyltransferase system conserved among estrogen-utilizing anaerobes; emtA-disrupted strain 29 DHT3 can catabolize androgens but not estrogens. These data, along with the observed androgen 30 production in estrogen-fed strain DHT3 cultures, indicate the occurrence of a cobalamin-mediated 31 estrogen methylation to form androgens. Consistently, the estrogen conversion into androgens in 32 strain DHT3 cell-extracts requires methylcobalamin and is inhibited by propyl-iodide, a specific 33 inhibitor of cobalamin-dependent enzymes. The identification of the cobalamin-mediated estrogen 34 methylation thus represents an unprecedented metabolic link between cobalamin and steroid 35 metabolism and suggests that retroconversion of estrogens into androgens occurs in the biosphere. 36 37
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Introduction 43 Sex steroids, namely androgens (e.g., testosterone and dihydrotestosterone) and estrogens (e.g., 44 estrone and estradiol), modulate physiology, development, and reproduction of animals (1) (2) (3) (4) . 45 Biosynthesis of C 18 estrogens from C 19 androgens proceeds through the removal of the C-19 angular 46 methyl group, resulting in the formation of an aromatic A-ring (5). This aromatization proceeds 47 through two consecutive hydroxylations of the C-19 methyl group and subsequent oxidative bond 48 cleavage between steroidal C-10 and C-19, which is catalyzed by an aromatase (namely P450arom or 49 CYP19) at the cost of three NADPH and three O 2 (6). The reverse reaction (from estrogens to 50 androgens) is thermodynamically challenging and has not been reported in any organisms. 51 Sex steroids are exclusively de novo synthesized by eukaryotes; nevertheless, bacteria are major 52 consumers of steroids in the biosphere (7) . Interestingly, recent studies suggested that sex steroids 53 mediate bidirectional interactions between bacteria and their eukaryotic hosts (8, 9) . Meanwhile, 54 bacteria can also alter a host's sex steroid profile (10). For example, intestinal Clostridium scindens 55 is capable of converting glucocorticoids into androgens (11); Comamonas testosteroni, an 56 opportunistic human pathogen, is capable of using a host's androgens as the sole carbon source and 57 electron donor (12). Furthermore, an earlier study of fecal microbiome suggested that the 58 phylogenetic profile of gut microbiota likely affects endogenous estrogen metabolism in 59 postmenopausal women (13) . 60 Biochemical mechanisms involved in bacterial androgen catabolism have been studied 61 extensively, which includes an O 2 -dependent 9,10-seco pathway and an O 2 -independent 2,3-seco 62 4 pathway (14-18). In contrast, current knowledge of the mechanisms involved in estrogen catabolism 63 is very limited. The low aqueous solubility of estrogens (~1.5 mg/L at room temperature) (19) and 64 the stable aromatic A-ring render estrogen a difficult substrate. Therefore, aerobic bacteria employ 65 O 2 as a co-substrate of oxygenases to activate and to cleave the aromatic A-ring through the 4,5-seco 66 pathway (20) (21) (22) . Obviously, anaerobic bacteria should develop an O 2 -independent strategy to 67 overcome the chemical recalcitrance of estrogens. To date, only Denitratisoma oestradiolicum and 68 Steroidobacter denitrificans have been reported to utilize estrogens under anaerobic conditions 69 (23,24). However, the biochemical mechanism for the anaerobic estrogen catabolism remains 70 completely unknown. 71 In this study, we enriched an estrogen-degrading denitrifying bacterium Denitratisoma sp. strain 72 DHT3 from a municipal wastewater treatment plant, which exhibits high efficiency in estrogen 73 degradation under denitrifying conditions. We first characterized strain DHT3 and annotated its 74 circular genome. Subsequently, we performed comparative transcriptomic analysis to identify the 75 genes potentially involved in the anaerobic estrogen catabolism. The results along with bridging PCR 76 analysis revealed a polycistronic gene cluster emtABCD that is differentially expressed in the strain 77 DHT3 transcriptome under estrogen-fed conditions. Bioinformatic analysis predicted that the 78 emtABCD gene cluster encodes a putative cobalamin-dependent methyltransferase, which is also 79 present in D. oestradiolicum and S. denitrificans but not in other steroid-degrading anaerobes 80 incapable of utilizing estrogens. Moreover, the emtA-disrupted strain DHT3, although incapable of 81 growing on estrogens, is capable of growing on androgens. Finally, the 13 C metabolite profile 82 5 revealed estrogen consumption followed by androgen production in estradiol-fed strain DHT3 83 cultures. These data indicate the involvement of an unprecedented estrogen conversion into 84 androgens in strain DHT3. Consistently, estradiol is converted into the androgens in strain DHT3 85 cell-extracts with methylcobalamin or S-adenosyl-methionine (SAM) as the methyl donor. 86 Furthermore, the androgen production is significantly inhibited by propyl-iodide, a specific inhibitor 87 of cobalamin-dependent enzymes, in a reversible manner with daylight. 109 Stoichiometric analysis suggested that estradiol was mineralized to CO 2 during the denitrifying 110 growth of strain DHT3 (Fig. 1A) . Strain DHT3's growth (measured based on the increasing protein 111 concentration in culture over time) was in parallel to the consumption of estradiol (electron donor) 112 and nitrate (electron acceptor) in culture (1 L). After 72 hours of incubation, ~0.5 g estradiol (~1.8 113 mmol) and 1.3 g of nitrate (~21 mM) were consumed, along with ~380 mg dry cell mass was 114 produced in the 1-L bacterial culture. The complete oxidation of estradiol with nitrate follows the 115 dissimilation equation (24) cobalamin (namely vitamin B 12 ; 20 μg/L) is required for strain DHT3's growth ( Fig. 1B) . Addition of 126 other vitamins did not facilitate strain DHT3 growth on estradiol ( Fig. S2 ), suggesting that strain 127 DHT3 is cobalamin-auxotrophic.
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Identification of estrogen catabolic genes in strain DHT3 130 We first analyzed the strain DHT3 genome to identify genes potentially involved in the (B9N43_01910 to 1920) and C/D-ring degradation (B9N43_4420 to 4465) ( Fig. 2A) . We also found 136 the 17β-hydroxysteroid dehydrogenase gene (B9N43_02940) responsible for the NAD + -dependent 137 dehydrogenation of estradiol to form estrone. Moreover, the strain DHT3 genome lacks most genes 138 for anaerobic cobalamin biosynthesis (28,29), while it possesses the genes for cobalamin transport 139 (B9N43_10265 to 10280) and utilization (B9N43_10425 to 10440) ( Fig. 2A) . 140 Subsequently, we performed a comparative transcriptomic analysis to detect the genes Additionally, a gene cluster putatively encoding a methyltransferase system (B9N43_10310 to 10325; 149 denoted as emtABCD) was only up-regulated (> 5-fold difference) in the estradiol-fed culture. 150 Notably, the emtABCD gene cluster is also present in estrogen-degrading anaerobes D. 151 oestradiolicum and S. denitrificans but not in other steroid-degrading bacteria that cannot utilize 152 estrogens ( Fig. 2A) . 153 Based on sequence homology (Dataset S1), the most EmtA-similar protein in other organisms 154 is MtmB (identity of protein sequence ~30%), a catalytic subunit of the monomethylamine 155 methyltransferase in methanogenic archaea (32); the most similar protein to EmtB in other organisms 156 is MtmC (identity of protein sequence ~40%), the corrinoid-binding subunit of the 157 monomethylamine methyltransferase; EmtC is a hypothetical protein; the most similar protein to 158 EmtD is F420/FMN-dependent oxidoreductase (flavodoxin) involved in reductive activation of 159 cobalamin-dependent methyltransferases (33). 160 We then characterized whether the mRNA products of the emtABCD cluster is polycistronically 161 transcribed. Bridging PCR reactions were performed using primers spanning the intergenic regions 162 9 of these genes (see Table S1 for individual sequences). The results suggested that B9N43_10310 to 163 10330 are transcribed polycistronically, including emtABCD and B9N43_10330 that encodes a 164 putative serine hydroxymethyltransferase ( Fig. S3) . However, the B9N43_10330-coding protein is 165 less likely a necessary component of the putative cobalamin-dependent methyltransferase since (a) 166 the B9N43_10330 homolog is not co-operonic with the emtABCD gene cluster in the genome of 167 estrogen-utilizing S. denitrificans ( Fig. 2A) and (b) the expression of B9N43_10330 in both 168 transcriptomes of estradiol-fed and testosterone-fed cultures is significantly lower than that of 169 emtABCD ( Fig. 2B ; Dataset S1). insertion of the group II intron into emtA in the mutant strain (Fig. 3A) . The emtA-disrupted strain 181 DHT3 can only utilize testosterone but not estradiol ( Figs. 3B and S4) , revealing that emtABCD is 182 10 involved in the anaerobic estrogen catabolism in strain DHT3. 183 Subsequently, we elucidated the phylogenetic relationship of EmtA and other 184 cobalamin-dependent methyltransferases ( Table S3 ). The phylogenetic tree showed that EmtA 185 orthologs from the three estrogen-degrading anaerobes (strain DHT3, S. denitrificans, and D. consumption and sequential appearance of several 13 C-labelled metabolites in the strain DHT3 203 cultures ( Fig. 4B) , including six androgenic metabolites (Table S4 ). After 10 hours of incubation, the 204 amounts of the androgenic metabolites in the strain DHT3 cultures significantly decreased with a 205 temporal spike of 17β-hydroxy-1-oxo-2,3-seco-androstan-3-oic acid (2,3-SAOA) ( Fig. 4) and androgens. The androgens were further degraded to HIP via the established 2,3-seco pathway, 210 bringing the consistent expression of genes in the 2,3-seco pathway in the estrogen-fed strain DHT3 211 cultures into context ( Fig. 2B) . 212 Our data indicate that the observed estrogen conversion into androgens in the strain DHT3 213 cultures is a methylation reaction likely catalyzed by the putative cobalamin-dependent 214 methyltransferase EmtABCD. Methionine synthase MetH, the best characterized 215 cobalamin-dependent methyltransferase, catalyzes the methyl transfer from 216 5-methyl-tetrahydrofolate to homocysteine (35). In the primary catalytic cycle (Fig. 5A) , the 217 cob(I)alamin prosthetic group of MetH is methylated to form the methylcobalamin using a 218 5-methyl-tetrahydrofolate as the methyl donor. Subsequently, the methyl group of methylcobalamin 219 is transferred to homocysteine to produce a methionine (36) . However, the cob(I)alamin prosthetic 220 group is prone to undergoing single-electron oxidation during the catalytic cycle, yielding the 221 inactive cob(II)alamin even under anaerobic conditions (~once per 100 turnover) (37); therefore, 222 endergonic reductive activation of the cob(II)alamin prosthetic group is required for the re-entry of 223 MetH to the catalytic cycle (38), which consumes an NADPH (electron donor) and a SAM (methyl 224 donor) for the flavodoxin-mediated methylcobalamin salvage (33,36,39,40) ( Fig. 5A) . On the other 225 hand, reductive activation of the cob(II)amide prosthetic group in methylamine methyltransferase in 226 methanogenic archaea proceeds through an ATP-dependent mechanism catalyzed by RamA (31) . The 1 H-and 13 C-NMR spectra suggest the presence of two hydroxyl groups at C-3 and C-17 as 243 well as two methyl groups (C-18 and C-19) in the steroidal structure, respectively ( Table S5 ). The 244 fragment ion profile of the HRMS spectra ( Fig. S6) androgenic metabolites in the MS spectra are highly enriched ( Fig. S6 ), suggesting that they are 249 downstream metabolites of the 2 H-labeled estradiol mixture. On the other hand, the androgenic 250 metabolites were not produced in the assays when estradiol, cell-extracts, ATP, or methylcobalamin 251 was excluded ( Fig. 6Bi ). SAM addition significantly enhanced androgen metabolite production in 252 the strain DHT-3 cell-extracts in a dose-dependent manner (Fig. S7) . These trends are analogous to 253 the case of reductive activation of the cob(I)alamin prosthetic group in MetH. 254 Next, we managed to validate the involvement of cobalamin-dependent methyltransferase in the 255 estradiol methylation by adding propyl-iodide, a specific inhibitor for cobalamin-dependent enzymes, 256 to the assays. Propyl-iodide inactivates cobalamin-dependent methyltransferases by propylating the 257 cob(I)alamin prosthetic group in the dark (44,45). Nevertheless, cobalamin-dependent 258 methyltransferases can regain activity upon exposure to daylight (46). Consistently, propyl-iodide 259 addition significantly inhibited the production of the androgenic metabolites in the assays; the 260 inhibition by propyl-iodide was much less effective in the daylight-exposed assays (Fig. 6Bii) . 261 Furthermore, the addition of exogenous methylcobalamin, estradiol, NADH, and ATP to the cell 262 14 extracts of the emtA-disrupted strain DHT3 cultures did not result in the androgen production ( Fig.   263 6Biii), as opposed to the androgen production in the assays added with wild-type strain DHT3 264 cell-extracts. Altogether, our data confirm that the anaerobic estradiol conversion into androgens in 265 strain DHT3 is a cobalamin-mediated methylation reaction catalyzed by EmtABCD. 266 In this study, we found that strain DHT3 converts estrogens into androgens through a 267 cobalamin-mediated methylation at C-10 on estrogens ( Fig. 5C) . However, activation of the phenolic 268 A-ring of estrogens is a prerequisite for this methylation reaction. Given that the activated methyl 269 group (CH 3 + ) of methylcobalamin serves as an electrophile, the estradiol methylation in strain DHT3 270 likely includes the formation of a nucleophilic carboanion at C-10 on the phenolic A-ring ( Fig. 6A) . 271 This catalytic strategy has been reported in many studies of anaerobic aromatic catabolism in products with a quinonic A-ring ( Fig. 6A) . Consistently, the 13 C metabolite profile also showed that 279 1-dehydrotestosterone with a quinonic A-ring was produced in the strain DHT3 cultures following 280 estradiol consumption (Fig. 4B) . In the strain DHT3 cell-extracts, the produced 281 1-dehydrotestosterone was further converted into AND1 and AND2 via the reduction of both the C-1 282 15 double bond and the C-3 keto group (Fig. 6A ) by 3-ketosteroid Δ 1 -reductase and 3β-hydroxysteroid 283 dehydrogenase that are consistently expressed in strain DHT3 cells (Dataset S1). This claim is 284 supported by the observed AND2 production in the strain DHT3 cell-extracts with 285 1-dehydrotestosterone as the substrate and NADH as the reductant (data not shown). In this study, we demonstrated that strain DHT3 converts estrogens into androgens via a 289 cobalamin-mediated methylation and subsequently catabolizes the androgenic intermediates to HIP 290 through the established 2,3-seco pathway. The discovery completes central pathways for bacterial 291 steroid catabolism (Fig. 7) . Briefly, anaerobic bacteria utilize a convergent catabolic pathway (the 292 2,3-seco pathway) to catabolize sterols, androgens, and estrogens, while aerobic bacteria adopt 293 divergent pathways to catabolize (a) sterols and androgens (9,10-seco pathway) and (b) estrogens 294 (4,5-seco pathway). Nevertheless, all three steroid catabolic pathways finally converge at HIP (Fig. 7 ) 295 and HIP catabolic genes are conserved in the genomes of all characterized steroid-utilizing bacteria 296 ( Fig. S8) (7,52) . acceptor. The final pH was adjusted to 6.5 with HCl to alleviate the gradual pH increase in culture 344 caused by denitrification. After the added estradiol was mostly consumed, the estradiol-spiked mixed 345 culture (1 mL) was transferred to the same defined medium (200 mL). This step was repeated ten 346 times to selectively enrich the anaerobic estrogen utilizer. The 10 th transfer culture was serially 347 diluted from 10 1 to 10 9 times in the same defined medium to extinct the non-estrogen degraders, and 348 incubated under the same conditions. After the 10 9 times-diluted culture consumed most of the added 349 estradiol, the dilution-to-extinction transfers were repeated again. After that, the culture purity was Table S1 . 431 The strain DHT3 genomic DNA and total RNA were used as the positive and negative control, were generated for intron retargeting. The intron PCR template from the TargeTron Gene Knockout 462 System Kit and the following four primers were used for the construction: emtA-773|774 -IBS, 463 emtA-773|774s -EBS1d, emtA-773|774s -EBS2, and EBS universal primer (see Table S1 for harvested through a centrifugation at 3,500 × g for 10 min at 20°C. The emtA-disruption was then 481 25 selected using a kanamycin marker that was activated upon chromosomal insertion. Therefore, the 482 resulting strain DHT3 cell pellet was resuspended and was cultivated in a chemically defined 483 medium containing testosterone (2 mM) and kanamycin (20 μg/mL). Kanamycin-resistant strain 484 DHT3 cells were then isolated by two subsequent serial dilution series (10 1 to 10 9 times) using the 485 same medium. Successful emtA disruption was confirmed using PCR with primers flanking the emtA 486 gene (see Table S1 for individual sequences). (Table S3 ). Fifty protein sequences were aligned using MUSCLE (65) in 527 MEGA X (66) without truncation. The unrooted maximum likelihood tree was constructed using the 528 LG model for amino acid substitution plus Gamma distribution rates (G) after the Model Test in 529 MEGA X. The NNI for ML heuristic method and NJ/BioNJ for tree initiation were used for tree 530 inference. Branch support was determined by bootstrapping 1,000 times. The maximum likelihood 531 tree was then visualized in MEGA X. HIP degradation genes were used as queries to identify the orthologs in these genomes ( 
